Field data were used to estimate the wavelength, phase speed, direction of propagation, frequency, and the vertical structure of high-frequency internal waves observed on the crests of basin-scale waves of Lake Kinneret during periods of strong wind. Shear stability analysis indicates that these waves were generated by shear in the surface mixing layer. The characteristics of the high-frequency internal waves changed within a wind event as the result of the evolution of the background flow conditions following the deepening of the surface layer and the propagation of the basin-scale internal waves. When the background conditions were appropriate, the vertical structure of the unstable mode was such that the perturbations generated visible sinuous internal waves that in turn modified the density profile in the metalimnion in such a way that secondary shear instabilities were triggered. The high-frequency internal waves were observed over larger distances, but poor coherence in temperature records from stations 200 m apart indicated that individual high-frequency internal waves were dissipated locally; these waves are thus a local mechanism allowing energy to be drawn from the energized surface layer and transported to the metalimnion, where it sustains turbulence. Part of the energy extracted from the surface layer was also returned to the mean flow in the metalimnion; high-frequency internal waves are therefore also a source of momentum for the metalimnetic currents. The vertical excursions of the waves also indicate that they could potentially play a role in phytoplankton growth by significantly altering the light regime at relatively high frequencies.
Basin-scale internal waves in stratified lakes have been widely studied because they redistribute the momentum and energy introduced by the wind at the surface of the lake (Mortimer 1974; Imberger 1998) . High-frequency internal waves have also been detected in stratified lakes (Mortimer et al. 1968 ; Thorpe et al. 1996) and are believed to contribute significantly to mixing (Imberger 1998) . Several generation mechanisms have been suggested, but these mechanisms can be grouped in two distinct types. The first mechanism involves waves that evolve from hydraulic features, such as basin-scale waves impinging on boundaries, basin-scale wave shoaling oversloping boundaries, or basin-scale waves simply steepening as a result of nonlinear effects (Hunkins and Fliegel 1973; Wiegand and Carmack 1986; Thorpe et al. 1996) . These high-frequency internal waves evolve into solitary waves and, as Boegman et al. (2003) have shown, they can transport energy over large distances, ultimately breaking when they shoal over a sloping bottom (Boegman et al. 2005) . Generally these waves contribute little to mixing within the metalimnion in the interior of a lake. Second, there are sinusoidal waves that have their origin in shear instabilities (Hamblin 1977; Stevens 1999) . Boegman et al. (2003) estimated that these waves dissipate over short distances by losing energy to the background flow, but these authors were unable to conclusively connect the local shear instabilities and the generated high-frequency internal waves to the bursts of turbulence observed in the metalimnion.
Even though the bulk of the vertical mass flux in a lake occurs via the benthic boundary layer (Goudsmit et al. 1997; Wü est et al. 2000; Saggio and Imberger 2001) , it is still important to understand the mixing in the metalimnion of the lake's interior, as this not only transports mass but also provides a rate of strain important for the bonding of chemical and biological particles. To evaluate the role of high-frequency internal waves in mixing in the interior of the lake, the generation mechanisms, the propagation characteristics, and the dissipation mechanisms need to be identified.
High-frequency internal waves in Lake Kinneret were first described by Antenucci and Imberger (2001) . They showed that the activity of these waves was associated directly with the strength of the wind. The phase of the basin-scale Kelvin internal wave had a modulating effect producing, for similar wind conditions, stronger highfrequency activity when the epilimnion was thinner. These observations indicated that high-frequency internal waves were generated by shear in the surface layer induced by the wind. A linear stability analysis disclosed that unstable modes with large growth rates had, in fact, similar frequencies to those of the observed high-frequency internal waves. Boegman et al. (2003) defined more precisely the characteristics of the shear-unstable modes associated with observations of high-frequency internal waves in the crest of the basin-scale internal Kelvin wave during periods of strong wind. Boegman et al. (2003) also showed the existence of high-frequency internal waves associated with shear in the thermocline generated by highvertical mode basin-scale internal waves, indicating that the high-frequency waves could also be generated by shear instabilities at this level.
Shear instabilities have been widely investigated in order to explain the excitation of gravity waves and other phenomena in the ocean and the atmosphere. Most of the studies considered simplified two-dimensional profiles of background velocity and density. Relatively simple background profiles, such as constant shear layer between constant velocity layers (Taylor 1931; Miles and Howard 1964; Lawrence et al. 1991 ) and hyperbolic tangent function (Drazin 1958; Thorpe 1973; Davis and Peltier 1976) , have been studied and have provided an understanding of how the properties of shear-unstable modes, such as wavelength, frequency, phase speed, and growth rate, are related to the background flow profiles. Solutions for these simplified profiles have also been used to suggest shear instabilities as the generation mechanism for some waves observed in the atmosphere (e.g., Lalas and Einaudi 1976) and in the ocean (e.g., Woods 1968; Sutherland 1996) . However, the onset of instability and the characteristics of the unstable modes are sensitive to details in the background density and velocity profiles (e.g., Howard and Maslowe 1973) . In spite of this, very few stability analyses have been conducted using realistic background profiles in the atmosphere (De Baas and Driedonks 1985) , the ocean (Sun et al. 1998) , and lakes (Boegman et al. 2003) . For all of these cases, however, a rigorous comparison of the characteristics of the unstable modes and the internal waves has not been conducted because of the limited availability of spatially distributed data to estimate the propagation characteristics of the observed waves.
In order to capture adequate data to estimate frequency, wavelength, phase speed, direction of propagation, and vertical modal structure of high-frequency internal waves observed in the crest of the internal Kelvin wave in Lake Kinneret, an array of five closely spaced, high-temporal resolution thermistor chains was deployed in a site of the lake in which the activity of high-frequency internal waves is strong. The estimates of the propagation characteristics of the high-frequency internal waves obtained with the high-temporal resolution data from the thermistor chains were then compared to the results of a shear stability analysis of the background density and velocity profiles performed using the theoretical and numerical framework described in Boegman et al. (2003) . From this comparison, we conclude that wind-induced shear in the surface layer is the generation mechanism for the high-frequency internal waves. By investigating the perturbations associated with the high-frequency internal waves, we discovered that they energize the mean flow in the metalimnion and trigger turbulent events in the metalimnion through the generation of shear instabilities. The characteristics of the mixing patches observed in the metalimnion during the same field campaign are described in a companion paper by P. S. Yeates, J. Imberger, and A. Gó mez-Giraldo (unpubl. data) , hereafter referred to as YIG.
Field site
Lake Kinneret (Israel) is approximately 22 km long (north-south) and 15 km wide (west-east) and had a maximum depth of about 39 m (Fig. 1 ) during the summer of 2001, when the field experiment was conducted. The lake is monomictic with a strong thermal summer stratification characterized by a thermocline located about 16 m deep and a temperature difference of up to 8uC across the metalimnion (Serruya 1975) . Inflows, outflows, and density variations due to salinity have a negligible effect on the dynamics at this time of the year. A strong westerly breeze that reaches speeds of 15 m s 21 every afternoon excites a set of basin-scale internal waves that are observed consistently during summer (Serruya 1975; Antenucci et al. 2000; Gó mez-Giraldo et al. 2006) . The latter authors showed that the dominant natural mode is a vertical mode 1, 22.6-h-period Kelvin wave that propagates anticlockwise around the entire lake. A second dominant Poincaré wave mode, with a period close to 10.5 h, is also observed and was shown by Gó mez-Giraldo et al. (2006) to be characterized by two counter-rotating vertical mode 1 cells. These authors also showed that the dominant periodicities in the wind override the natural periods, shifting the observed periods to 24 and 12 h, respectively. Vertical mode 2 and 3 Poincaré waves with periods close to 20 h have been detected in the northwestern region of the lake (Antenucci et al. 2000) .
Field equipment
An array of five closely spaced Lake Diagnostic Systems (LDSs) equipped with thermistor chains, forming both Fig. 1 . Map of Lake Kinneret. The filled circle at B indicates the location of the five-LDS array. The inset sketches the relative location of the LDSs (filled circles), with distances and directions of the lines specified in Table 1 . The cross near the center of the large triangle indicates the approximate location of the PFP casts. The origin of the map coordinate system is situated at 35.51uN, 32.70uE. a small and a large triangle, was deployed at location B (Fig. 1) to study the characteristics of the high-frequency internal waves. The traditional one-thermistor chain deployment does not allow estimating propagation characteristics of the wave such as phase speed, direction of propagation, and wavelength. The distances between stations were planned to be 9 m for the small triangle and 200 m for the larger triangle; the spacings were determined from wavelength estimates obtained by Boegman et al. (2003) . Their relative location is presented in Fig. 1 , and the actual distances and directions between the stations are listed in Table 
Analysis methods: Linear stability analysis
To investigate whether the high-frequency internal waves in the crests of the internal Kelvin waves in Lake Kinneret originated from shear instabilities, as proposed initially by Antenucci and Imberger (2001) , we followed the methodology of Boegman et al. (2003) and estimated the growth rate of two-dimensional wave-like perturbations of the form
evolving in a background flow with buoyancy frequency N(z) and velocity U(z). ŵ 5 ŵ r + iŵ i defines the vertical structure of the vertical velocity, k is the horizontal wave number, c 5 c r + ic i is the complex phase speed, the horizontal coordinate x has been oriented in the direction of k (without loss of generality), z is the vertical coordinate defined positive upwards, and t is time. The resulting Taylor-Goldstein equation (see Boegman et al. 2003 ) was solved numerically (Hogg et al. 2001) . We specified zero vertical velocity at the surface and at the bottom as boundary conditions and investigated unstable modes with wavelengths l 5 2p/k at 2-m intervals between 2 and 60 m. This range covers preliminary estimates (Boegman et al. 2003) of the wavelengths of the most unstable modes. Although the code can solve a generalized form of the Taylor-Goldstein equation that includes viscosity and diffusivity, the turbulence in the metalimnion of Lake Kinneret is triggered by the events we were seeking; their precursor was a laminar water column (Saggio and Imberger 2001) , so viscosity and diffusion were neglected. Frequency and growth rate were calculated as v r 5 kc r and v i 5 kc i , respectively. See Boegman et al. (2003) for a more detailed description of the linear stability analysis. The linear stability analysis was performed for each of the two-dimensional flows that result from projecting the three-dimensional flow onto 32 vertical planes with directions separated by 11.25u. The directional nature of the instabilities was then recovered by combining the solutions in wave number space. In this way, twodimensional instabilities were investigated for a threedimensional flow. This is supported by the work of Smyth and Peltier (1990) , who found that two-dimensional instabilities grow faster than primary three-dimensional instabilities, except for a small range of shear Reynolds and gradient Richardson numbers; in particular, for shear Reynolds numbers Re 5 ud/u , 300. u is the jump of velocity across the shear layer, d is the shear layer thickness, and n is the kinematic viscosity of the fluid (n ,1 3 10 26 ). We calculated Re along the shear layers of the observed flow and it was always much larger than 300. In the surface layer, for example, u and d were of the order of 0.2 m s 21 and 10 m, respectively, so Re was of the order of 2 3 10 6 , and two-dimensional instabilities are expected to grow faster than three-dimensional instabilities.
Observed background conditions
The periodic westerly afternoon breeze acting over Lake Kinneret (Fig. 2a) excited an exceptionally regular pattern of basin-scale internal waves (Gó mez-Giraldo et al. 2006) (Fig. 2b) . The largest component in the observed oscillations was the result of the near-resonant interaction of the 22.6-h natural-period Kelvin wave with the 24-h dominant periodicity in the wind forcing. At location B, the crest of the Kelvin wave was in phase with the wind, so the thickness of the epilimnion always decreased when the wind was strongest, producing strong shear in the surface layer and pointing to shear instability as the generation mechanism for the high-frequency internal waves riding on the crests of the Kelvin wave (Fig. 2b) (Antenucci and Imberger 2001) . Figure 2c and d show magnified views of two high-frequency events occurring on the afternoons of days 179 and 182. The high-frequency internal waves had amplitudes of up to 1 m, were vertically coherent, and occurred in packets. Power spectra (Bendat and Piersol 1986) of the isotherm displacements, measured with all LDSs, showed that the dominant Eulerian frequency in the high-frequency range was about 0.0056 Hz (180-s period), as illustrated in Fig. 3 for the 23uC isotherm at TB1. The power spectra of the 23uC isotherm vertical displacements at the other LDS stations were identical, and the same frequency also dominated the high-frequency oscillations of other isotherms throughout the water column. Miles (1961) and Howard (1961) defined a quantitative criterion for instability, showing that small perturbations may grow, extracting energy from the background flow, only if the gradient Richardson number, Ri g , 5N 2 /(LU/Lz) 2 , 0.25 somewhere in the water column. Figure 4 shows the regions of the water column in which Ri g falls below the critical value of 0.25 for the afternoon of day 179, when the high-frequency internal wave activity was strong and the background conditions were continuously monitored with PFP casts. In the surface layer, Ri g dropped below the critical value (Fig. 4a ) as a result of the east-directed shear introduced by the westerly wind ( Fig. 4b) and because of the weak stratification. Ri g also decreased below 0.25 in the strongly stratified metalimnion as a result of the strong shear associated with the north-south currents ( Fig. 4b ) generated by the high-vertical mode basin-scale Poincaré waves described by Antenucci et al. (2000) . One of the objectives of this analysis is to determine the region primarily responsible for the generation of the highfrequency internal waves.
Characteristics of the observed high-frequency waves Antenucci and Imberger (2001) documented that the high-frequency waves appeared only sporadically. The 23uC isotherm vertical displacements series from all five stations was band pass-filtered with a narrow filter around a frequency of 0.0056 Hz to identify in what periods the high-frequency internal waves were present. Figure 5a shows that the waves were generated at all five stations during the same periods, mainly when the wind was strong. This indicates that the generation mechanism had a spatial scale that was larger than 200 m. However, Fig. 5b and c show that the wave packets were only similar for the stations in the small triangle, but they were less similar for the stations that formed the large triangle. This is a first indication that the waves were generated and dissipated locally over distances of the order of 100 m.
Closer examination of Fig. 2a reveals that the strongest high-frequency internal wave activity in the metalimnion was not concurrent with the maximum wind speed. Furthermore, there was a delay of about 4 h between the start of the wind and the appearance of the high-frequency internal waves in the metalimnion. This indicates that the background flow conditions, which were modulated by the passage of the basin-scale internal waves, had a strong effect on the generation of high-frequency internal waves. Because the characteristics of the high-frequency internal waves likely changed within a wind event following changes in the wind and in the background flow, we investigated the characteristics of these waves during three periods within the wind event observed in the afternoon of day 179. The start and end times of the periods and the number of casts during each period are presented in Table 2 . Period 1500 was characterized by strong wind, very weak highfrequency internal wave activity in the metalimnion, and some deepening of the mixed layer. The maximum wind speed occurred during period 1630, which included the first PFP casts after the beginning of the high-frequency internal wave activity. Period 1900 covered the maximum elevation of the metalimnion and strong high-frequency internal wave activity.
Spectral analysis of the 23uC isotherm displacements, shown in Fig. 6 , indicates that there was no clear peak for period 1500, when the internal wave activity in the metalimnion was very weak. Power spectral density of the 27uC isotherm (also in Fig. 6 ) indicates that the more active surface mixing layer also lacked a dominant frequency for this period. During periods 1630 and 1900, the displacements in the metalimnion (23uC isotherm) were dominated by oscillations with frequencies of 0.0058 and 0.0042 Hz (172 and 238 s), respectively.
The propagation characteristics of the high-frequency internal waves were estimated from a coherence and phase analysis (Bendat and Piersol 1986 ) of the 23uC isotherm displacement for the three stations in the small triangle. The results, presented in Table 3 for periods 1630 and 1900 (the lack of a confident peak prevents calculation for the period 1500), show that the high-frequency internal wave properties changed within one wind event, with a decrease in frequency, wavelength, and phase speed over time. The small coherence between the signals from the stations in the large triangle invalidates any results from the phase analysis applied to the large triangle and supports the conclusion of Boegman et al. (2003) that individual highfrequency internal waves were generated and dissipated locally. This indicates that high-frequency internal waves were observed over a large area in the metalimnion of the lake because they were generated over all of that area.
The vertical structure of the high-frequency internal waves was extracted from the vertical velocity profiles measured with the PFP. Figure 7 shows representative profiles for each one of the three periods considered. It was not possible to isolate the motion due to the dominant high-frequency internal waves summarized in Table 3 , but we expect the vertical velocity profiles to be strongly correlated to these waves, as they dominated the isotherm response. The profile for period 1500 exhibited strong small-scale fluctuations above 5 m (i.e., in the surface mixing layer). There was a local maximum at 7 m in depth and then the vertical velocity decreased rapidly below this level, being almost zero in the metalimnion. During the period 1630 there were also strong small-scale fluctuations above 5 m, and the vertical velocity again decreased with depth, but there was a region with considerable vertical velocity between 13 and 20 m in depth. In addition to the fluctuations in the top 5 m, the vertical velocity profile for period 1900 exhibited an intermediate minimum at 15-m depth and two local maxima above and below this level; the manifestation of the changes in the vertical velocity distribution on the isotherm displacement may be noted in Fig. 4b .
Results of the stability analysis
The background shear and density profiles required for the stability analysis were obtained for each one of the three periods by calculating mean isotherm depths and the corresponding isopycnal velocities from the PFP casts. In this way, the fluctuations in the individual profiles generated by the high-frequency internal waves were smoothed out. The density and velocity in the top 3 or 4 m, where PFP data were unavailable, were estimated by extending the upper measurements of density and shear to the surface. Figure 8 presents the density and velocity profiles, together with the associated gradient Richardson number (Ri g ) and direction of the shear. The evolution of the density profile in Fig. 8a shows a deepening of the diurnal thermocline from 5 m to 10 m between periods 1500 and 1630, in response to wind-induced mixing. Between periods 1630 and 1900, the entire stratification was lifted by the basin-scale internal waves. Figure 8b reveals that the velocity peak in the metalimnion became stronger and shifted toward the surface. There were two depths at which the associated Ri g decreased below 0.25; as the afternoon progressed, these regions became larger and moved closer together (Fig. 8d-f) . The shallow region, in the surface layer, was produced by the gradient in the zonal component of the velocity as a result of the shear stress introduced by the wind at the surface of the lake. Consequently, the shear was directed to the east (Fig. 8d-f ). The second, deeper region, in the metalimnion, was produced by the meridional shear in the metalimnion. This shear was directed to the north at the level at which Ri g was minimum, but it varied between the northwest and the northeast over the low Ri g region (Fig. 8d-f) . We expect shear instabilities to have been generated in those two depth ranges, and, accordingly, unstable modes should have propagated predominantly along those two dominant directions. In principle, the mode with the fastest growth rate should be the one responsible for the observed highfrequency internal waves.
The averaged profiles were then interpolated to the nodes of a numerical grid using cubic splines, and the Taylor-Goldstein equation was solved numerically, as in Boegman et al. (2003) . Grid sizes of 10, 5, and 2.5 cm were used for each period in order to investigate the sensitivity of the numerical code to the discretization. As an example, Fig. 9a shows the growth rate of unstable modes for direction 101.25u during the period 1500, as calculated with the 5-cm grid, and illustrates how the unstable modes were separated into four types according to their sensitivity to the numerical grid, the depth of their critical level, and the relationship of their growth rate with the wave number. Unstable modes A (Fig. 9a) were not sensitive to the grid size, their growth rate had a well-defined peak in the range of wave numbers considered, and their critical level (where U 5 c r ) was located in the surface mixing layer. Unstable modes B did not have a defined growth rate peak in the range of wave numbers considered, they were sensitive to the grid size in some cases, and their critical level was located in the metalimnion. Unstable modes C were isolated (i.e., did not exist for neighboring wave numbers) and were very sensitive to the grid size. Unstable modes with small growth rates were classified as D and were not further considered. Unstable modes C were most likely a numerical version of the modes produced in the interface Fig. 6 . Power spectra of the 23uC isotherm displacements for periods 1500, 1630, and 1900 and of the 27uC isotherm displacement for period 1500. Spectra have been smoothed in the frequency domain to increase confidence. The dashed lines near the bottom define confidence at the 95% level. of homogeneous layers, which were first studied by Taylor (1931) and which were called T-modes by Caulfield (1994) ; these unstable modes were the results of the numerical discretization. Numerical investigations directed at evaluating the code behavior for simple shear and density profiles confirmed this limitation of the numerical scheme (Hogg pers. comm.) . The character of the B modes was unclear; some could be numerical T-modes, as indicated by their sensitivity to the grid size; others, which were insensitive to the grid size, could have been modes associated with thin regions of elevated shear, so that the wavelength at which they reach the maximum growth rate was smaller than the shortest wavelength analyzed (2 m), and no peak in growth rate was observed in the range of wavelengths considered. The thin shear regions that triggered these modes were probably generated by fluctuations in the background profiles that were not removed when smoothing the background conditions. These modes were an artificial consequence of the numerical approximation to the real background profiles and should be disregarded. A third possibility is that these modes were real; however, they could not be associated with the highfrequency waves because their wavelength (,2 m) and frequency (,1 3 10 22 Hz) differed by a factor of about 10 from those of the observed high-frequency internal waves.
In what follows, we study further the characteristics of the A modes and compare them to those of the observed highfrequency waves. Figure 10 shows that during the three periods considered, the faster-growing shear-unstable perturbations were oriented along a direction between 90u and 135u, in good agreement with the estimated direction of propagation of the high-frequency internal waves from the field measurements (Table 3 ). The faster-growing modes for period 1500 were oriented along the direction 101.25u. The unstable A modes that most likely dominated as a result of their fast growth rates and their long wavelengths are identified in 9 . (a) Growth rate v i of unstable modes for direction 101.25u (from north) during period 1500 as a function of wave number k. Type A modes have a well-defined peak in the growth rate in the range of wave numbers considered and are insensitive to the grid size in the numerical solution of the Taylor-Goldstein equation. Type B modes do not have a well-defined peak in the growth rate in the range of wave numbers considered and are sometimes sensitive to the grid size. Type C modes are isolated and sensitive to the grid size. Type D modes have small growth rates. I, II, III, and IV are the four unstable type A modes most likely responsible for the high-frequency internal waves during period 1500, as a result of their fast growth rates and long wavelengths. Panels (b), (c), (d), and (e) show the complex vertical structure of the unstable modes I, II, III, and IV, respectively, in terms of relative amplitude (solid line) and phase (dashed line) as a function of depth. * v r , is the frequency; Coh 2 , is the squared coherence; Q, is the phase; l, is the wavelength; c r , is the real component of the complex phase speed. Fig. 9a ; their complex vertical structure, ŵ (z), is presented in Fig. 9b -e, and their propagation characteristics are presented in Table 4 . Unfortunately, the propagation characteristics could not be inferred from the observed high-frequency internal waves as the metalimnetic isotherm displacements were small during this period, but the vertical velocity profile agreed well with the PFP measurement (Fig. 7a) ; both exhibited a local maximum of vertical velocity at about 7 m deep and a rapid decay below that level. The critical level of these modes was located around 4.7 m deep, and the corresponding local minimum in amplitude and shift in phase associated with the critical level (De Baas and Driedonks 1985) were observed. For period 1630, the faster-growing unstable A modes were oriented along the 112.5u direction. The four modes with the highest growth rates are identified in Fig. 11a , their vertical structure is presented in Fig. 11b -e, and their propagation characteristics are presented in Table 4 . Both the propagation characteristics (Tables 3, 4) and vertical structure (Figs. 11b-d, 7b ) agreed with the observations. The fastest-growing modes for period 1900 were oriented along the 101.25u direction and are presented in Fig. 12 . Modes I and II have a slightly larger growth rate, but the vertical velocities associated with them were very small below 10 m. Modes III and IV have slightly smaller growth rates, but they support vertical velocity perturbations to a depth of approximately 23 m. This, together with a closer match with the propagation characteristics of the observed high-frequency internal waves, links mode IV with the fluctuations observed during this period. In addition, any reduction in the growth rate due to the viscous effects should be smaller for this mode than for modes I, II, and III because of its smaller frequency and larger wavelength.
Perturbation kinetic energy
We examined the flux of kinetic energy of the perturbations to investigate how these unstable modes participated in the energy flux path. At the scales of the perturbations generated by the unstable modes, dissipation is negligible, and the vertical transport of kinetic energy is dominated by the work done by pressure. Therefore, the perturbation kinetic energy (P.K.E.) equation becomes (Sun et al. 1998; Kundu and Cohen 2002) 
where the overbars denote average over one horizontal wavelength. The terms on the right-hand side are, from first to last, shear production, work done by gravity, and convergence of the vertical energy flux. The terms u9, r9, and p9 are the horizontal velocity, density, and pressure perturbations due to the unstable mode, respectively, and are given by 
and s 5 v 2 Uk is the Doppler shifted complex frequency. Figure 13 shows the terms on the right-hand side of Eq. 2 for mode IV during the period 1900, with ŵ from Fig. 12e and c and k from Table 4 . Clearly, kinetic energy is drained from the mean velocity field by shear production at the critical level, which is located in the surface mixing layer (Fig. 13b) . Some of this energy was lost to potential energy (Fig. 13c) and some was transported away from this level (Fig. 13d) ; some P.K.E. was transported to the region between 12 and 14 m (Fig. 13d) , where it was transferred back to the mean flow (Fig. 13b) , possibly energizing the strong currents observed in the metalimnion. A similar mechanism was proposed by Sutherland (1996) for the generation of the deep equatorial undercurrents, with the difference that in Sutherland's case the momentum is transported by free high-frequency internal waves.
Discussion
Generation mechanism for high-frequency internal wavesClose agreement between the characteristics of the observed high-frequency internal waves and the shear-unstable modes confirmed that such waves were generated by shear instabilities. Despite the presence of a region with Ri g below 0.25 in the metalimnion, the modes responsible for the high-frequency internal waves were unstable to shear in the surface layer as a result of the wind-generated stress, as initially suggested by Antenucci and Imberger (2001) . The initial numerical results of the linear and inviscid TaylorGoldstein equation included some unstable B modes with growth rates higher than those of the unstable A modes associated with the high-frequency internal waves (Fig. 9) . Although they were candidates as a source of highfrequency internal waves, there are several reasons why these modes did not dominate in the field observations (over the A modes). Some B modes were a numerical version of the T-modes (Caulfield 1994) or were artificially generated by the limitations in our approximation to the real background conditions, as discussed above. In the case that these modes were real solutions of the TaylorGoldstein equation, and assuming that the background profiles were properly smoothed, their small wavelength (,2 m) and high frequency (,1 3 10 22 Hz) were too different from those observed to be realistic candidates. The absence of visible oscillations related to the unstable B modes can be explained by two different mechanisms. First, as a result of their small wavelengths and high frequencies, viscous effects may become important for these modes and may reduce their growth rates, as argued by Boegman et al. (2003) . Second, nonlinear numerical simulations carried out by Sutherland and Peltier (1994) revealed that the vortices formed by the growth of unstable modes in a region of large N are rapidly strained, leading to a cascade of vorticity to smaller scales. Turbulent patches centered at 14.5 m in depth, which is at the critical level of the B modes predicted for period 1900, were observed (YIG). This indicates that, despite not being related to the observed high-frequency internal waves, some of the unstable B modes were real. However, the turbulent events generated by the collapse of these modes had low dissipation rates and did not contribute significantly to the buoyancy flux in the metalimnion (YIG).
We showed how the characteristics of the unstable modes changed during a typical wind event. Of particular interest is the evolution of local maxima of the vertical velocity in the metalimnion, away from their critical level. Although it is difficult to isolate their individual contributions for profiles like those observed in Lake Kinneret (Fig. 8) , variations in N, (U 2 c r ), and d 2 U/dz 2 influence the vertical structure of a given mode. For this reason, the use of simple analytical background profiles with constant density and velocity profiles away from the shear layer, suitable to understanding basic aspects of shear-unstable modes (e.g., Hazel 1972; Davis and Peltier 1976) and to explaining radiation of internal waves away from the generation zone in the ocean (Sutherland 1996) and the atmosphere (Sutherland and Peltier 1995) , provides limited information about the vertical structure of the mode. Therefore, the simplified profiles are inadequate to predict the direct effects of the unstable mode far from the generation zone, like the presence of high-frequency internal waves in the metalimnion of Lake Kinneret. We have shown that, despite modes being associated with shear in the surface mixing layer, the high-frequency internal wave activity in the metalimnion was not observed from the start of the strong wind event, but rather required the evolution of the background profiles through the afternoon. Antenucci and Imberger (2001) noted that the amplitude of the basin-scale internal waves and their phase, relative to the wind, modulated the generation of high-frequency waves, and they suggested that this was a consequence of the modification to the thickness of the surface layer and, hence, the mean shear. We can add now that this process was also due to the changes in the entire background flow, including the closer displacement of the metalimnion to the critical level of the unstable modes and the evolution of the velocity maximum observed in the metalimnion.
Generation of secondary instabilities in the metalimnionThe vertical velocity profiles in Fig. 7 exhibit some smallscale fluctuations that are not directly related to the vertical structure of the unstable modes. Most of these fluctuations were located in the top 5 m and can be associated with the stirring generated by the wind and the billowing generated by unstable modes, with vertical structures confined to a thin vertical region near the surface. The fluctuations near the bottom can be associated with turbulence in the benthic boundary layer. Of particular interest are the fluctuations that the profile in Fig. 7c exhibits just below 15 m in depth. They could not be generated by shear-unstable modes, even those previously disregarded, because none of the modes had a critical level at this depth. In addition, the region in the metalimnion with minimum Ri g values, from which the B modes gained their energy, was located above 15 m. This indicates yet a different generation mechanism for these particular velocity fluctuations, observed just below 15 m. Figure 14a shows the vertical velocity perturbation due to the unstable mode in Fig. 12e after it has grown from an initial (arbitrary) maximum amplitude of 0.02 m s 21 at 4 m depth during 1,000 s to a maximum amplitude of 0.05 m s 21 , which is close to the velocity measured by the PFP (Fig. 7c) at that level. Figure 14b and c show the associated density and horizontal velocity perturbations generated by this mode at this stage of growth (calculated with Eqs. 3, 4, and 5). The total density profile (Fig. 14d) , obtained by superimposing the density perturbation and the background density, was just about to become statically unstable between 14.8 m and 15.5 m in depth. Beyond this time, convective instabilities could develop, creating the small-scale fluctuations observed in Fig. 7a . Although the velocity gradient at that depth range decreased (Fig. 14e) , Ri g (Fig. 14f) dropped below the critical value of 0.25 when the perturbation was superimposed to the background flow, indicating that shear instabilities could develop before convective instabilities.
YIG show that turbulent patches observed just below 15 m in depth had high dissipation rates and produced large buoyancy fluxes. These events more likely resulted from collapsing secondary unstable modes triggered by the strain that the high-frequency waves produced in the metalimnion. To explore this, several characteristics of the internal wave field are presented, with some characteristics of the turbulence in the metalimnion, for the afternoons of the 4 d with PFP measurements. Figure 15a presents the wind speed, and Fig. 15b through d present the modal amplitude of the alongshore velocity (south to north for the shoreline at location B) for the three gravest natural vertical modes of the basin-scale internal waves. The natural vertical modes were solutions to the linear long internal wave equation for a nonrotating system (LeBlond and Mysak 1978), given by
where w m and c m are the vertical velocity eigenfunctions and the nonrotating wave phase-speed of the internal wave mode m. To generate relaxed background profiles of N(z), a sliding 48-h moving average of isotherm displacement was applied. Horizontal velocity eigenfunctions, v m , were then deduced from w m by invoking the continuity equation for the first three vertical natural modes, which were then least square-fitted to the measured alongshore velocity to find the amplitudes of each natural mode (B m ) that best satisfied the expression
where v is vertically averaged horizontal alongshore velocity. The fitting was confined to depths between 8 and 25 m below the surface to eliminate surface and bottom boundary effects. Figure 15e shows the time-series of scale-average power spectral density of high-frequency waves in the metalimnion determined by calculating the weighted sum of the wavelet power (Torrence and Compo 1998) associated with oscillations of the 23uC isotherm with periods from 1 to 10 min. Mean metalimnion gradient Richardson numbers (Fig. 15f) , dissipation rates (Fig. 15g) , and buoyancy flux ( The results show that large mean buoyancy fluxes were only sustained in the metalimnion on day 179 between 18:00 h and 22:00 h (Fig. 15h) , when wind-wave resonance excited a large-amplitude Kelvin wave (Fig. 15b) , highfrequency wave activity was intense (Fig. 15e) , gradient Richardson numbers were low (Fig. 15f) , and mean dissipation rates were high (Fig. 15g) . The resonant behavior of the Kelvin wave played a key role in the generation of high-frequency internal waves by squeezing the epilimnion during upwelling of the metalimnion and by increasing shear near the surface. The combination of highfrequency internal waves (Fig. 15e) with the shear of the large-amplitude basin-scale modes (Fig. 15b,d ) triggers the turbulent events that generate active mixing in the metalimnion (Fig. 15h) . The complex interaction of wind forcing, Kelvin wave resonance, and metalimnion shear required to promote the generation of high-frequency unstable modes that trigger secondary instabilities in the metalimnion may explain why these events were seldom observed. YIG observed that more than half of the metalimnion profiles recorded between 18:00 h and 22:00 h on 28 June 2001 yielded segments of similar nature, with the only other series of similar events observed in the metalimnion occurring late on 22 June 1999 (day 1999173), a period previously identified by Antenucci and Imberger (2001) as a striking example of high-frequency internal waves.
Temperature profiles measured with the LDS did not reveal any statically unstable profile in the metalimnion that could have exposed the existence of the secondary instabilities. This is because the characteristic length scale of the overturns at that level was typically less than 0.10 m (YIG), far smaller than the 0.75 m separating two consecutive thermistors. Also, the size of the stationary bin used for the estimation of the turbulent properties in the water column, which indicates the size of the turbulent patches, was only about 0.40 m.
Importance in overall metalimnetic mixing-Previous estimates by Boegman et al. (2003) and the loss of coherence over a distance of 200 m (the separation of the thermistor chains in the large triangle) indicate that the high-frequency internal waves were generated and dissipated locally. The dissipation length scales, estimated as L D 5 c r /v i , were 81 and 67 m for unstable modes IV (those most likely responsible for the high-frequency internal waves) during periods 1630 and 1900, respectively. This implies that the horizontal transport of energy by the highfrequency internal waves was limited to a distance of the order of hundreds of meters. However, the high-frequency waves were observed at all the stations considered in this study and over much of the area of the lake (see Antenucci and Imberger 2001) because the wind forcing was essentially uniform over the lake (Gó mez-Giraldo et al. 2006) . It is likely that the energy flux mechanisms described here were also active and generated an important potential energy flux over much of the horizontal extension of the metalimnion, because the structure of the basin-scale waves, the bathymetry, and the strength of the wind (i.e., all the components of the generation mechanism) varied over large horizontal scales.
Although the intense turbulent events are intermittent (Saggio and Imberger 2001; YIG) , Yeates and Imberger (2003) estimated that the potential energy flux through the metalimnion is about one quarter of that through the benthic boundary layer, so the contribution of the lake interior to overall mixing cannot be neglected. Turbulent patches generated by convective processes probably originated by traumatic wave-wave interaction were also identified (Saggio and Imberger 2001; YIG) but produced a much smaller buoyancy flux, despite being more frequent than those generated by shear.
Implications for lake ecosystems-While the mechanisms outlined above operate in the lake interior, and the bulk of the vertical mass flux in a lake occurs via the benthic boundary layer (Goudsmit et al. 1997; Wü est et al. 2000) , there are still implications for these processes with regard to aquatic ecosystems. Most strikingly, these motions can be responsible for vertical velocities in the metalimnion on the order of 2-5 cm s 21 (Fig. 7) , two orders of magnitude higher than vertical velocities induced by basin-scale internal waves. The mechanical impact of this fast vertical movement on lake biota is currently unknown and would require high-spatial resolution and high-temporal resolution biochemical experiments to determine. Secondly, the rapid vertical oscillations of the metalimnion will result in a strongly fluctuating light regime for any photosynthetic organisms located at a particular depth, which, because of the exponential decay of light with depth, results in an asymmetric light dose. For example, for an amplitude of high-frequency waves of 0.5 m at 10 m in depth (Fig. 2) , a typical light extinction coefficient of 0.7 m 21 , and a typical I k (the irradiance at the onset of light saturation) value of 60 mE m 22 s 21 , the light limitation for algal growth during the trough of the high-frequency waves is two times greater than at the crest.
Fluctuating light conditions exert significant influence on phytoplankton species competition (Wagner et al. 2006) . Studies of the effect of fluctuating light unfortunately contain a spectral gap in the range of the processes described here, with light fluctuations of period less than 10 s demonstrated to affect algal growth rates (Quéguiner and Legendre 1986); however, investigations on light fluctuations with periods of approximately 1 h are inconclusive and appear to be highly species-dependent (Litchman 2000; Wagner et al. 2006) . Studies into light fluctuations on the scale of minutes-and particularly when the fluctuations are asymmetric, as in this case-remain to be conducted. Importantly for this study, the greatest effect of light fluctuations has been seen when these fluctuations occurred around the transition from the limiting to the saturated part of the growth-irradiance curves for the particular phytoplankton of interest (Litchman 2000) , implying that thermocline oscillations on the timescales investigated here could significantly affect algal populations, as the thermocline is typically located approximately at the limit of light penetration.
It was shown that in a stratified lake energy is extracted from the mean flow by shear instabilities in the surface layer, then transported by high-frequency internal waves to the metalimnion, where the straining due to the combination of these high-frequency internal waves and the mean basin-scale flow may lead to elevated levels of buoyancy flux through the excitation of secondary instabilities. In addition, part of the energy extracted from the surface layer is returned to the mean flow in the metalimnion, providing a momentum input there. In this way the shear-generated, high-frequency internal waves are responsible for a vertical transport of energy from the surface layer to the metalimnion, and they thus contribute significantly to the erosion of the stratification and to the horizontal advection.
